The mode of interaction of asbestos fibres with cell membranes is still debatable. One reason is the lack of a suitable and convenient cellular model to investigate the causes of asbestos toxicity. We studied the interaction of asbestos fibres with Xenopus laevis oocytes, using electrophysiological and morphological methods. Oocytes are large single cells, with a limited ability to endocytose molecular ligands; we therefore considered these cells to be a good model for investigating the nature of asbestos/membrane interactions. Electrophysiological recordings were performed to compare the passive electrical membrane properties, and those induced by applying positive or negative voltage steps, in untreated oocytes and those exposed to asbestos fibre suspensions. Ultrastructural analysis visualized in detail, any morphological changes of the surface membrane caused by the fibre treatment. Our results demonstrate that Amosite and Crocidolite-type asbestos fibres significantly modify the properties of the membrane, starting soon after exposure. Cells were routinely depolarized, their input resistance decreased, and the slow outward currents evoked by step depolarizations were dramatically enhanced. Reducing the availability of surface iron contained in the structure of the fibres with cation chelators, abolished these effects. Ultrastructural analysis of the fibre-exposed oocytes showed no evidence of phagocytic events. Our results demonstrate that asbestos fibres modify the oocyte membrane, and we propose that these cells represent a viable model for studying the asbestos/cell membrane interaction. Our findings also open the possibly for finding specific competitors capable of hindering the asbestos-cell membrane interaction as a means of tackling the long-standing asbestos toxicity problem.
independently of any endocytic process. Asbestos fibres can also be found free in the cytosol of macrophages (Palomä ki et al., 2011) or within the phagosomes, protruding from them into the cytosol (Blake et al., 2007; Johnson and Davies, 1983 ), but they were also found in the nuclear compartment, suggesting a passive piercing (Johnson and Davies, 1983; Malorni et al., 1990) . Other findings obtained by studying carcinoma and mesothelial cells in culture supported this possibility (Andolfi et al., 2013; Malorni et al., 1990) , even if in the latter case, the fibre entry into the cell appears to be dependent on the phagocytic process (Liu et al., 2000) .
In general terms, it is thought that the first interaction between macrophages and asbestos fibres is realized through a phagocytic process which does not exclude the possibility that the ingested fibres can exit from the phagosome into the cytosol and even enter the nuclear compartment. Nor can it be excluded that a contemporaneous passive entry of fibres through the cell membrane also occurs. Moreover, by comparing the effect of different asbestos fibre types on a macrophage cell line, it was concluded that different fibres can cause different changes in electrophysiological features of the cell (Gormley and Wright, 1980; Gormley et al., 1978) . Despite the results obtained in all these reports, the mechanism of interaction of asbestos fibres with cell phospholipid membranes and the influence that this has on the cell membrane and intracellular organelle properties is still a matter of debate. The problem of whether asbestos fibres can exert their harmful effects through a phagocytic-dependent process and/or by passively piercing or adsorbing onto the bilayer remains to be clarified. It seems that the lack of a simple, convenient, and reproducible cellular model by which to study asbestos/cell membrane interactions makes it difficult to investigate this topic in detail, and to possibly find specific "competitors" capable of hindering the asbestos-cell interaction as a new therapeutic approach for tackling the long-standing asbestos toxicity problem.
In this article, we describe the setting up of a model employing Xenopus laevis oocytes (XLOs) for investigating the cellular interaction of asbestos fibres. Using this method, we show here for the first time, that standard Amos and Croc-type asbestos fibres significantly modify the electrophysiological properties of the XLO plasma membrane starting very shortly after exposure. Morphological analysis of the fibre-exposed oocytes by both optical and electron microscopy excluded the possibility that these changes could be due to phagocytic events. We propose that this method can be a viable model for studying the asbestos/cell membrane interaction.
MATERIALS AND METHODS
Ethical approval and oocyte isolation. Animal care and treatment were conducted in conformity with institutional guidelines in compliance with national and international laws and policies (European Economic Community, Council Directive 63/2010 Italian D.L.26/2014 . Adult female X. laevis frogs were fully anaesthetized by immersion in cold 0.17% MS-222 for 15 min, and the pieces of ovary were aseptically removed according to the protocol described by Miledi et al. (2006) . Follicles were isolated manually using fine-tipped forceps and the layer of follicular cells mechanically removed. The cells were treated with 0.5 mg/ml collagenase type I (Sigma) at room temperature for 35 min, and then kept at 16 C in Barth's medium (NaCl 88 mM, KCl 1 mM, Ca(NO 3 ) 2 0.33 mM, CaCl 2 0.41 mM, MgSO 4 0.80 mM, NaHCO 3 2.4 mM, HEPES 10 mM, adjusted to pH 7.4 with NaOH, containing gentamicin [50 mg/ml]). The electrophysiological recordings were performed 24 h after the treatment to let the cell recover from the membrane damage induced by the collagenase (Dascal et al., 1984) . Oocytes at stage VI were carefully selected under an optical microscope and used for the electrophysiological recordings.
Asbestos fibre suspensions. Analytical Standard UICC samples of Amos and Croc were obtained from SPI-CHEM, West Chester, Pennsylvania, re-suspended in PBS at a final concentration of 10 mg/ml, and stored at 4 C until use. The number of fibres was evaluated after adequate dilutions in a Thoma counting chamber. Wollastonite (Wolla), used as a control particulate, being a nonasbestos silicate powder, was a kind gift of Bal-Co SpA (Sassuolo, MO, Italy). The fibre size parameters of the asbestos UICC standard have been described in detail by Kohyama et al. (1996) . Briefly, our standard fibres spanned from 0.5 to 100 mm in length and from 0.1 to 1.2 mm in width. The reference batches of the standard samples were as follows: Amos South African 12172-73-502703-AB and Croc South African 12001-28-402704-AB. Wolla characterization in length distribution (from <16 to >96 mm, the 16-32 form being the most represented) was reported by Governa et al. (1998) .
Scanning and transmission electron microscopy. The procedure to analyze the samples by scanning electron microscope (SEM) was previously described elsewhere (Andolfi et al., 2013) . Control and treated oocytes were fixed with 2.5% glutaraldehyde (Serva, Heidelberg, Germany) in Ringer's solution at room temperature for 20 min, rinsed in Ringer, and postfixed in 1% osmium tetroxide in PBS for 30 min. Afterwards, samples rinsed in Ringer were dehydrated in ascending ethanol concentrations (35%, 50%, 70%, 90%, and 100%) and transferred in 100% ethanol to a critical point dryer (Bal-Tec; EM Technology and Application, Furstentum, Liechtenstein) and dried through CO 2 . Coverslips were mounted on aluminum sample stubs and gold coated by sputtering (Edwards S150A apparatus; Edwards High Vacuum, Crawley, West Sussex, United Kingdom). SEM images were obtained using a Leica Stereoscan 430i SEM (Leica Cambridge Ltd, Cambridge, United Kingdom). For each sample observed by SEM, many photomicrographs at different magnifications were stored. SEM, imaging was performed at a range of accelerating voltages of 20 kV, working distance of 17-18 mm, and beam currents of 0.08-0.1 nA were used. The procedure for preparing the samples to be analyzed by transmission electron microscope (TEM) was described elsewhere (Trevisan et al., 2014) . Ten oocytes incubated in Ringer's solution or in Ringer containing asbestos fibres (15 mg/ml) for 60 min were fixed for 30 min at room temperature in a solution of 1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) containing 0.03 M CaCl 2 . As previously described, samples were washed twice with sodium cacodylate buffer (pH 7.4) and then postfixed with 1% OsO 4 for 1 h at 4 C. Postfixed cells were dehydrated with a graded ethanol series ending with 100% ethanol and then embedded in Dow epoxy resin (DER332; Unione Chimica Europea, Milan, Italy) and DER732 (Serva). Ultrathin sections were prepared with an Ultrathome III (Pharmacia-LKB, Uppsala, Sweden) and double stained with lead citrate and uranyl acetate. Sometimes, identification of the asbestos fibres was difficult due to the extrusion of electron-dense granules or granule fragments from treated oocytes and to the small size of the fibres capable of interacting with the oocyte surface. Accordingly, to show that what we were observing was really asbestos, we analyzed its appearance at a very high TEM magnification (from 56 K to 89 K). In the case of true asbestos, the fibre could show a specific band-like discontinuity in the electron density and a nonround appearance of the section (not shown). This can probably be ascribed to superimposed layers of the silicate and/or to a heterogeneous distribution of iron (Croc and Amos contain a large amount of iron) within the fibre itself. This analysis was carried out in all the cases of the structure pinpointed by arrows in the Figures 1-7 .
Electrophysiological recordings. Ten-fifteen oocytes in a 1.5-ml Eppendorf tube were incubated in 1 ml of Ringer's solution containing 5-20 mg/ml asbestos fibres under continuous mixing (wheel, 10 revolutions/min). At the indicated times (5-120 min), one oocyte was taken, and its electrophysiological properties were recorded for about 10 min. The two-microelectrode voltage clamp technique was used to investigate the effects of applying asbestos fibre suspensions (in Ringer's solution) on the electrical membrane properties of the oocytes. Glass microelectrodes with a resistance of 0.5-2 MX were filled with 3 M KCl (Miledi, 1982) . During the recordings, the cells were continuously superfused with a Ringer's solution containing NaCl 115 mM, KCl 2 mM, CaCl 2 1.8 mM, HEPES 5 mM, adjusted to pH 7.4 with NaOH, in a purpose-designed recording chamber (RC-3Z, Warner Instruments, Hamden, Connecticut) at room temperature (23 C). The Ringer's solution was applied using a constant perfusion system (7 ml/min, VC-8 perfusion system, Warner Instruments), and the flux speed was routinely controlled and maintained constant during each set of experiments (for further details, see Bernareggi et al., 2011) . The resting membrane potentials (RPs) of the oocytes were recorded 3-5 min after impalement, when the values were more stable, and oocytes with a resting potential lower that À20 mV were excluded from the analysis. The membrane input resistances (R m ) were estimated either from the values of the recorded RP, holding potential (V h ¼ À80 mV), and holding current (I h ) by the equation R m ¼ (V h À RP)/I h (Dascal et al., 1984) or from the slope of I-V relationships measured at À80, À70, À60, À50, and À40 mV. To reduce the variability of the frog's donors, the results were compared among oocytes of the same batches (Englund et al., 2014) . Two-voltage clamp protocols were used. A linear voltage ramp protocol: oocytes were held at À40 mV and a linear voltage ramp from À80 to 20 mV (1 s) was applied. A step protocol: from a holding potential of À40 mV, oocytes were clamped for 3 s from À80 to þ50 mV in 10 mV increments.
In a series of experiments, Croc suspended in Ringer was injected inside the cells (50 nl per cell) by using a Nanoject II (Drummont, Pennsylvania), and a group of cells of the same batch was injected with the same volume of Ringer. In this case, the electrophysiological recordings were performed 30 min after the treatment to let the membrane recover from the injection. Data acquisition and analyses were performed by WinWCP version 4.1.2 Strathclyde Electrophysiology software, kindly provided by Dr John Dempster (Glasgow, United Kingdom). Prism 3.0 and Origin 7 were used for the statistic analysis (unpaired t-test). All values are expressed as mean 6 SEM. p Values <.05 were considered as significant.
Treatment of Croc fibres. Inactivation of asbestos electrical charges contributed by surface iron was carried out by following the methods described elsewhere (Governa et al., 1999; Gulumian, 2005) . Briefly, 0.75 mg of Amos or Croc fibres were incubated under continuous mixing in 0.5 ml final volume for 2 h at room temperature in Ca 2þ free Ringer's solution alone (control) or containing the iron chelator 1 mM deferoxiamine (DFO) B or the chelators 1 mM ethylenediaminetetraacetic acid (EDTA), or 1.5 mM ammonium ferric citrate (AFC). Thereafter, the fibres were extensively washed in 10 ml Ca 2þ -free Ringer 3-fold and re-suspended in the same solution at the concentration of 1 mg/ml.
For microinjection, 2 ml of the Croc fibres (1 mg/ml in Ca 2þ free Ringer solution) were filtered firstly through BD Falcon filters (2-fold 100 mm pore and 2-fold 70 mm). For improving the filtration process, drops of Ringer's solution were continuously added to a final volume of 3.25 ml. The fibre suspension was finally brought up to a concentration of 0.6 mg/ml. We calculated that 50 nl injection of this suspension should result in an intracellular concentration of approximately 30-40 mg/ml of Croc (assuming that, the diameter of the oocyte is 1-1.3 mm, the final volume is about 1 ml), which is higher than that reached in Croc-treated oocytes, as judged from the morphological evidence showing that only some fibres were found to interact with XLOs.
RESULTS

Application of Asbestos Suspensions Affects the Membrane Properties of the Xenopus Oocytes
To test whether application of asbestos fibre suspensions could affect the oocyte cell membrane, we first analyzed the effects on the passive electrical membrane properties of the oocytes, comparing the RP and R m of control oocyte cells with those exposed to asbestos fibre suspensions, using a standard twomicroelectrode voltage clamp technique. Before the recordings, the oocytes were incubated in Ringer's solution (Ctrl, nontreated oocytes) or in the presence of Amos or Croc asbestos. Moreover, some records were performed in the presence of Wolla, a safer fibre mineral often used as an asbestos replacement (Maxim and McConnell, 2005) . In all cases, the concentration of the fibres was 10-15 mg/ml (re-suspended in Ringer's solution), and the cells were slightly mixed during the entire period of incubation (for 5-120 min) to avoid sedimentation. A summary of these results is presented in Figure 1 . In control condition (Ctrl), the mean values of the RP and R m resembled those typical of mature stage oocytes (RP ¼ À38.50 6 0.82 mV, R m ¼ À0.95 6 0.03 MX; n ¼ 102, Dascal et al., 1984) , whereas after asbestos exposure, both parameters significantly changed relative to control (Figs. 1A and 1B) . In Amos-and Croctreated oocytes, there was a significant depolarization of the RP followed by a reduction of the R m (Amos: RP ¼ À34.03 6 1.06 mV, R m ¼ 0.79 6 0.03 MX, n ¼ 68, p < .01, p < .001; Croc: RP ¼ À31.38 6 0.71 mV, R m ¼ 0.66 6 0.03 MX, n ¼ 84, p < .001). All these changes were well evident after 5-10 min of incubation, suggesting a very rapid effect of the fibres on the cell membrane; after 5 min of incubation 58% and 64% of the cells were already responsive to the treatment with Amos and Croc, respectively. In contrast, after exposure to Wolla, we did not observe any significant effects on the cell membrane properties (Wolla: RP ¼ À38 6 1.17 mV, R m ¼ 1.07 6 0.09 MX, n ¼ 7, p > .05). At the low concentration of 5 mg/ml Croc, there was already a significant depolarization of the RP followed by a reduction of the R m (À29 6 1.46 mV, 0.59 6 0.04 MX, n ¼ 10, p < .001). In Amos, a similar effect was observed at a higher concentration (15 mg/ml: RP ¼ À27.17 6 3.31 mV, p < .01; R m ¼ 0.64 6 0.02 MX, n ¼ 5, p < .05) and in both cases, at the concentration of 20 mg/ml, most oocytes displayed a RP lower than À20 mV and it was impossible to voltage clamp the cell (Figs. 1C and 1D ). To analyze in detail the effect of the interaction between the asbestos fibres and the membrane, we initially performed a ramp voltage protocol to record the instantaneous (voltage independent) or rapidly activating currents and then a voltage step protocol to record the slower voltage-activated currents. Interestingly, when a 1-s voltage ramp protocol was applied to the oocytes (from À80 to 20 mV; Fig. 2 ), the zero current reversal potential of the ramp currents was found to be significantly shifted to a more depolarized level in asbestos-treated oocytes (10-15 mg/ml); in Amos-treated oocytes it reversed at À20.10 6 1.75 mV (n ¼ 22; p < .01), in Croc-treated oocytes at À19.87 6 1.3 mV (n ¼ 46; p < .001), whereas in Ctrl the current reversed at À25.55 6 0.89 mV (n ¼ 49). In Wolla, the reversal of oocytes exposed to the higher concentrations of Amos or Croc asbestos but not Wolla. Ctrl: n ¼ 102; Amos: n ¼ 68; Croc: n ¼ 84; Wolla: n ¼ 7 (*p < .05; **p < .01;***p < .001 vs Ctrl).
FIG. 2. Effect of Amos and
Croc fibre suspensions on the ramp currents recorded in oocytes. A, Histograms showing the mean 6 SEM of the zero current reversal potential shift of the currents induced by a voltage ramp from À80 to 0 mV in nontreated (Ctrl) and Amos-, Croc-, and Wolla-treated oocytes (10-15 mg/ml; time interval 1000 ms, holding potential ¼ À40 mV) (significantly different **p < .01; ***p < .001 vs Ctrl). Ctrl: n ¼ 54; Amos: n ¼ 22; Croc: n ¼ 46; Wolla: n ¼ 9. In B, example of the ramp current-voltage (I-V) traces recorded in three oocytes in the absence (Ctrl) or in the presence of Amos or Croc (15 mg/ml). Note the intersection of the I-V lines at around À20 mV (see text).
potential remained unaltered (À26.11 6 5.01, n ¼ 9; p > .05) ( Fig.  2A) . In Figure 2B are shown the typical ramp current traces recorded in Ctrl condition and after the treatment with Amos or Croc asbestos; the current/voltage relations were linear and their slope tended to increase after the treatments (indicating an increase in membrane conductance) along with a shift in the zero current reversal potential to a more depolarized level. Figure 3A shows typical current traces recorded from oocytes following application of different voltage clamp steps (from À80 to þ 50 mV; holding potential ¼ À40 mV), in a Ctrl and asbestostreated cells (10-15 mg/ml); Figure 3B summarizes the I-V relationships obtained at the steady state. Surprisingly, in Amos and particularly Croc-treated cells, there was a dramatic increase of the outward rectification (and corresponding inward tail current).
A second set of experiments was performed by microinjecting 50 nl of a Croc suspension per cell (0.6 mg/ml, for more details, see "Methods") directly inside the cells. In this case, the recordings were made 30 min after the injection and the measurements compared with those obtained in oocytes injected with Ringer's solution (see "Methods"). In parallel, oocytes of the same batch were incubated with the same solution containing asbestos or Ringer's solution. The results reported in Figure 4 clearly show that the presence of Croc fibres inside the cells did not affect the electrical membrane properties.
To test whether the changes in oocyte electrical membrane properties we observed were due to the presence/release of fibre surface iron (Pollastri et al., 2014) , we carried out a series of experiments in which Croc was applied in presence of agents capable of modifying the activity of surface iron; namely, the iron chelator DFO, and also the chelators EDTA or AFC. We found that all treatments were able to abolish the effects of Croc on the passive membrane properties (Figs. 5A and 5B) and to partially reduce the enhancing effect on the voltage-dependent slow outward rectifying currents activated by the voltage ramp and voltage step protocols, respectively (Figs. 5C and 5D). Figures 6A and 6D show the appearance of control untreated XLOs viewed under a SEM. The eggs were oriented on the stub with the animal pole facing upward. The surface of the vitelline envelope (VE) appeared to be covered by many putative "pores," separated by filamentous structures, giving a vein-like appearance. Each pore was surrounded by an elevated edge. In some samples, a few granules (probably cortical granules) were rarely found bound onto the external surface. Underneath the external envelope, the plasma membrane microvilli (MV) were evident (inset in Fig. 6A) . We think it possible that these pore-like structures may derive from an interaction between the MV of the underlying plasma membrane and the inner surface of the envelope (Larabell and Chandler, 1989) . After 30 min of incubation with 15 mg/ml Amos followed by careful washes, the appearance of the VE clearly changed. A few Amos fibres, mainly short, having a length of approximately 5-15 mm, were seen to be attached to the egg surface and some of them were frequently found in the process of penetrating/piercing the envelope (arrow in Fig. 6B ). Many, if not all the pore-like
Asbestos Fibres Can Modify the Surface Morphology of the Xenopus Oocytes
FIG. 3. Effect of Amos and Croc asbestos fibre suspensions on membrane currents activated by voltage steps. A, Examples of currents induced by depolarizing steps
(from À80 to þ50 mV, 10 mV steps, 3 s) from a holding potential of À40 mV. B, Steady-state current-voltage relationships. Note, Amos and Croc asbestos fibre suspensions dramatically increased the amplitude of the slow outward rectifying membrane current (and rebound inward tail current), as well as increasing the resting leak conductance at the holding potential (significantly different Amos: */**p < .05/.01 vs Ctrl; Croc: ***p < .001 vs Ctrl at all voltage steps). Ctrl: n ¼ 90; Amos: n ¼ 63; Croc: n ¼ 84.
structures appeared closed without the surrounding edge and, on the whole, the envelope surface appeared smoother with respect to the control eggs (Fig. 6E) . Granules, clouding around and associated with the interacting fibres were frequently found (arrowhead in Fig. 6B ). The incubation with Croc fibres (15 mg/ml) also induced some evident morphological changes (Fig. 6C) . Patches of pores remained open, but these were surrounded by many sites of closed pores. Also in this case, many secreted granules were found on the envelope surface. Interestingly, in all the asbestos-treated samples the typical surface "veins" found in the untreated samples were notably less evident. To better define the dramatic effects exerted by the fibres on the pore morphology, we examined these structures at a higher magnification. Figure 6D shows that the pores in untreated samples were different from those in asbestostreated oocytes (Figs. 6E and 6F ). The stronger effect was confirmed for Amos-treated oocytes. In this case, most, if not all the pores appeared closed and the veins were missing, making the envelope surface smooth in appearance (Fig. 6E) . Croctreated cells were examined in those sites where the pores were open. These pores appeared enlarged without the surrounding edge. Veins were evident within these sites, but were lacking in the surrounding sites. These findings were confirmed in three separate experiments.
Other information derived from the analysis of the oocyte sections was obtained using a TEM at higher magnification. Figure 7 shows that specific changes were found in the interspace between the VE and the plasma membrane MV. The morphology of Amos (Figs. 7B and 7E) and Croc (Figs. 7C and 7G ) treated samples were clearly affected. The main effect involved the MV which appeared thickened and more numerous with respect to control, and the presence of many membrane vesicles in the interspace between the cell membrane and the external envelope, suggesting membrane damage. A detailed untreated oocytes, original magnification Â10 000 and 25 000, respectively. The inset in A (boxed, original magnification Â10 000) shows the plasma membrane MV underneath the external envelope. B, E, Amos-treated oocytes, original magnification Â10 000 and 25 000, respectively; C, F, Croc-treated oocytes, original magnification Â10 000 and 25 000, respectively. Arrows in B show some short Amos fibres penetrating/piercing the envelope. Arrowhead in B shows some granules around the interacting fibres.
analysis on higher magnification revealed that some Amos (Fig. 7D) and Croc (Fig. 7F) fibres were in contact with the MV (arrows) suggesting that the VE cannot represent a barrier for the movement of the fibres through the oocyte membrane. In the hundreds of sections of asbestos-treated oocytes that we analyzed, we never observed any evidence of a phagocytic process occurring; all the fibres, which came into contact with the cell membrane were free and not included in any type of vacuole, but simply adsorbed on the plasma membrane. Sometimes, electron-dense structures seemed to be ingested by the oocytes, however, when observed at very high magnification, they did not show the typical appearance of true asbestos fibres (see "Methods" section), but were frequently identified as "pigmented granules" (Fig. 7B ), which were probably undergoing cell extrusion. The analysis with the TEM gave the same results in three separate experiments.
DISCUSSION
The results reported in this study are in line with what was previously reported in the literature, where a change in both the RP and R m was observed in the murine macrophage cell line P388D1 treated with Amos and Croc (Gormley and Wright, 1980) . In addition, we found here a dose-dependent effect, which was more evident in Croc-treated than in Amos-treated cells. These unexpected changes in the passive electrical properties of the cell, suggested a direct interaction of asbestos fibres with the oocyte cell membrane, which then somehow affected the ionic permeability. As concentrations equal or lower than 15 mg/ml did not compromise the survival of the cells, we attempted to further characterize the nature of such changes.
Two further features of XLOs that facilitates their use as a model for studying the biophysical changes of the cell membrane after asbestos, is their low expression of endogenous ion channels (Englund et al., 2014) and their large size, that allows the microinjection of material directly inside the cell, without impairing the membrane properties (Miledi et al., 2006) . It is well known that at rest, the oocyte cell membrane is mainly permeable to K þ , Cl À , and in part Na þ and the values of the equilibrium potentials of these ions are À95, À28, and þ61 mV, respectively (recorded with KCl microelectrodes) (Costa et al., 1989) . Under our conditions, the intersection of the ramp current-voltage (I-V) traces at more positive value than that found in Ctrl indicates a relatively positive ionic equilibrium potential of the asbestos-induced conductance change. The zero current reversal potential was at approximately À20 mV, more depolarized than in Ctrl or Wolla-treated cells, suggesting thus an increased permeability to Cl À and/or cations.
As previously reported, oocytes have several types of voltage-sensitive ion channels, but normally their activity is low (Englund et al., 2014) . Indeed, in nontreated oocytes the ramp protocol, from À80 to 0 mV and the I-V relationships obtained from the voltage step protocol were essentially linear confirming a low expression of endogenous voltage-gated channels, whereas in the presence of asbestos there was a significant slow time-dependent outward rectification at more positive potentials, followed by a rebound inward tail current on stepping back to the holding potential. We did not investigate the nature of this outward rectification, but it is likely to involve either a K þ or Cl À ion conductance (or both), as reported elsewhere (Lu et al., 1990; Miledi, 1982; Voets et al., 1996) . Interestingly, when Croc fibres were injected inside the cells no effect on the electrical membrane properties was observed excluding a possible minuscule interaction of asbestos fibres. Asbestos minerals are known to contain iron, magnesium, and calcium within their molecular structure, with a core of SiO 2 . The toxicity of asbestos, in particular Croc and Amos, is often correlated with the presence and/or release of Fe 2þ and Fe 3þ from the asbestos fibre surface which may then be important in initiating toxic inflammatory cascades (Aust et al., 2011; Liu et al., 2013) ; this suggests that surface charges due to iron present on the Croc fibres were indeed important in mediating effects on the oocytes. Interestingly, Croc and Amos asbestos fibres also have negative surface charges in aqueous solution, which is the so-called "zeta potential" (Pollastri et al., 2014) . The negative surface zeta potential reported for Croc depends on the presence of the positive charge carried by Fe 2þ and Fe 3þ within the molecular structure of the mineral, and it has been recently postulated to be one of the causes for the tumorigenic effect of asbestos (Pollastri et al., 2014) . The existence of the zeta potential could conceivably change the electric field of the cell membrane following adsorption onto the cell surface, and thereby alter the function of adjacent ion channels. Moreover, mobilization of surface iron away from the fibres is reported to promote the formation of ROS, which can activate nonselective cationic endogenous currents in oocytes (Duprat et al., 1995) . We propose that both surface charge mechanisms could explain our observed results. Taken together, these results support a direct interaction of the fibres with the cell membranes, as confirmed also by our findings obtained from ultrastructural analysis. The morphological analysis of asbestos-treated oocytes showed a direct interaction of the fibres with the plasma membrane of the oocyte that cannot be hindered by the VE. Moreover, the fibres could clearly affect the appearance of the cell membrane. The MV became more numerous and thicker and frequently, membrane vesicles were found in the interspace between the membrane and the envelope. Altogether, these changes suggest a fibre/ membrane interaction potentially capable of modifying the oocyte functions, as confirmed with our electrophysiological recordings. The literature shows that XLOs are able to endocytose materials, but this process is scanty in resting cells (Sardet et al., 2002) . Significant amounts of ligands can be taken up after at least 30 min of incubation (Mukhopadhyay et al., 1997; Wall and Patel, 1987) and endocytic vesicles can be formed for recycling the membrane following the exocytosis of cortical granules (Sokac et al., 2003) . In our hands, despite the sporadic extrusion of some cortical granules and pigmented granules which could be confused with an endocytic event, treated oocytes did not show any sign of an ongoing endocytic or phagocytic process even after 60 min of incubation with asbestos fibres (not shown). Despite a careful analysis, we did not observe any microscopic evidence of fibre ingestion nor of fibreinduced passive piercing at the oocyte plasma membrane level, and we believe that the asbestos fibres can still passively pierce the external envelope, reach the underneath compartment, interact with MV and possibly modify the intracellular properties of the cell. However, it is noteworthy that intracellular microinjection of asbestos inside the XLOs in our experiments did not alter their electrical membrane properties, at least in the short-term. Presently, we do not have an explanation for the observed changes in oocyte morphology found at the envelope surface level; we can speculate that the evident change in pore-like structures found after asbestos fibre treatment could derive from the modification of MV activity. These protrusions are in fact in contact with the inner surface of the envelope and may have the capacity of modulating its function. We believe that the MV-envelope interaction deserves to be further investigated from this point of view because it may help to reveal the possible different cellular effects of different type of asbestos fibres.
In conclusion, we have demonstrated for the first time that oocytes can represent a suitable model to study in detail the interaction between asbestos fibres and biological cell membranes at the electrophysiological and morphological level. Using aqueous suspensions of two common asbestos fibre types, Amos and Croc, we found that such an interaction significantly affected the electrical membrane properties as well as the morphology of the cells, and we propose that the fibres, either by adsorbing onto the cell surface and/or traversing the membrane, somehow create a non-specific "pore" through which ion fluxes can occur to change the RP and R m . As cells were invariably depolarized with a conductance increase following asbestos exposure (equilibrium potential close to E Cl ), and in view of the appearance of an augmented slow, timedependent outward rectification with an inward tail current following step voltage protocols, we suggest that these conductances could primarily involve an enhanced flux of Cl À ions across the cell membrane; this however, would need to be confirmed in further experiments. Alternatively, our results could also be explained by a surface activation/modulation of ion channels already present in the oocyte membrane by asbestos, to alter their permeability characteristics. The fact that the effects of asbestos were annulled by chelator screening of the fibre surface charges contributed by molecular iron strongly suggests that such surface interactions to alter membrane permeability are feasible. How these observed permeability changes in XLOs relate to asbestos toxicity is also presently unclear, but they could be an important lead for obtaining a better understanding of the relevant underlying processes. Our findings suggest that the effects induced by asbestos fibres on XLOs are independent of fibre ingestion and that an involvement of asbestos with the intracellular compartments is not likely to be involved, even if we cannot completely exclude it. We think that an interaction between asbestos fibres and surface membrane components, whose nature remains to be defined, is very likely. Finally, as modification of the surface iron content in the Croc structure also significantly inhibits asbestos toxicity in cell cultures (Gulumian, 2005) , we suggest that our method could be employed as a convenient assay for evaluating the potential cytotoxicity of asbestos-containing material whose industrial thermal inertization is commonly evaluated using physical tools (Leonelli et al., 2006) but, only rarely by biological means (Giantomassi et al., 2010; Valentine et al., 1983) . Noteworthy, asbestos has been reported to induce sex-chromosome aneuploidy in Drosophila oocytes (Osgood, 1994; Osgood and Sterling, 1991) . Our method offers a very rapid outcome, avoiding time consuming, costly, and cumbersome cell culture methods. It will also be interesting in the future, to compare the very early XLO-asbestos interaction we describe (both functionally and morphologically) for all types of asbestos fibres, in parallel with the long-term effects they produce on the viability of mammalian epithelial cell cultures.
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